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SUMMARY

The observed gust experience of an airplane and information on the
assoclated meteorological conditions are utilized to obtain a simple
empirical relation for estimsting the intensity of turbulence in the
earth's friction layer. The data were obtalned from 23 flights by an

-alrplane operating in clear alr at 1500 feet sltitude above the average
elevation of a given course near Wilminghton,:-Ohlo. Coefficlents of
correlation between a meteorological quantity and the effective gust
velocitles equalled or exceeded on the aversge of once in distances of
1 and 10 miles for each flight were 0.88 and 0.8h4, respectively. On
the basia of these results, the meteorological quantity may be expected
to yield relisble estimates of the gust experience of an alrplane oper-
ating under conditions similar to those of the test data. The applica-
bility of this relation, when spplied to regions having different
topogrephicel characteristics or when extended to other values of gust
intensity, however, has not been esteblished.

INTRODUCTION

One of the problems of aviation meteoroclogy is the development of
methods for predicting the turbulence encountered by an airplane on a
given flight. The nature of physicel processes 1in the free atmosphere,
however, are complicated and, although some progress has been made In
connection with the prediction of thunderstorm turbulence {(reference l),
little progress hes been made in connection with the prediction of other
forms of turbulence. Of the other forms of turbulence, the fturbulence
encountered by an airplane while operating in clear air at low altlitudes
is of importance because of i1ts connection with problems relsting to
fatigue, airplane performance, and passenger comfort. Although some
efforts have been made to develop methods for predicting this form of
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turbulence (reference 2), no practical method has as yet been developed
for predicting the intensity of turbulence encountered by an airplane
while operating in clear air at low altitude.

In connection with a loads investigation with Jet-propelled air-
planes (reference 3) an opportunity was had to study the relation between
meteorologlcal variables and the turbulence encountered by an airplane
while operating in clear air at a low altitude. The meteorological
quantities generally associated with turbulence - such as lapse rate,
wind velocity, wind shear, Imnsolation, and Richardson's number - were
obtained and exsmined as a possible measure of the turbulence. Although
none of the parameters appeared to provide a consistent measure of the
turbulence, the sverage wind shear between the anemometer and the gradient
wind levels did provide a relatively consistent measure of turbulence
during a given sesson. This result suggested that large veristions in
the intensity of solar heating should be included to form g relstion
independent of season. A subsequent examination of the applicability
of various combinations of the average wind-shear and solar-heating
parameters indicated that the intensity of turbulence enrcountered by the
airplane was closely related to the product of average wind shear and
total daily solar radiation. Although the relation obtalined might
possibly be of some limited value as & forecasting tool, the methods of
evaluation and the results obtained are presented hereln as a preliminasry -
result in the study of relations between low-altitude clear-asir turbulence
and meteorologlcal variables.

SCOPE OF DATA

The low-altitude clear-slr flights for which both meteorological
and gust deta were avallsble were made over a specific course approxi-
mately Fifty mlles in length nesr Wilmington, Ohlo, during September to
Decenber 1948, and May 1949 (reference 3). Each of the flights con-
sleted of s survey between 10:00 s. m. and 4%:00 p. m. Eastern Standard
Time of the gustiness encountered by alrplanes when flown 1500 feet
above the surface (2500 feet mean sea level) for a total of 6 to 8
traverses over the course. About two-thirds of the flights were made
between 12:00 g.m. and 3:00 p.m. Eastern Standard Time.

The meteorological cbservations were made avalleble by the All
Westher Flying Divislon of the U. S. Alr Force at Clinton County Air
Force Base, Wilmington, Ohic. The observatlions conslst of data from
the hourly surface observatlons, continuous records of surface wind
direction and velocity, and the 10:00 a. m. and 4:00 p. m. Eastern
Standard Time rawinsonde ascents. The rawinsonde data consist of
vertical histories of tempersture, umidity, pressure altitude, and
wind direction and velocity. '
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Instruments were not locally availaeble for measuring solar radiation.
As this guantity was used to account for seasonsl and large day-to-day
variations of solar heating, pyreheliometer measurements obtalned from
the nearest station having generally similar day-to-day weather con-
ditions were assumed to be adequate. Examination of surface-weather maps
and hourly sequence reports for each flight day indicated that data
reported in the Monthly Weather Review (reference L) for Nashville, Tenn.,
fulfilled these requirements. These pyreheliometer measurements give
the total radistion (direct plue diffuse) received on & unit horizontal
surface between sunrise and sunset.

The gust date obtalned by the flight surveys consist of effective
gust velocities cobtained from instruments measuring alrspeed, altitude,
and acceleration as reported in reference 3. The data cover 23 flights
on 19 days with approximstely 3200 miles of flight in clear air at low
altitudes and are considered sufficlent for a preliminary analysis. -

The meteorclogical conditions in the layer below the gradient wind
level, the earth's friction layer, represent wind velocities ranging
from zero to as much as 60 miles per hour, and friction-layer depths
of from 1600 to TOOO feet. The friction layer was entirely clear of
clouds for each flight slthough cloud forms other than thunderstorms or
large cumulus were often present at higher sltitudes. The lapse rate
at flight time was not availaeble. The 10:00 a.m. and the L:00 p.m.
data indicated, however, that the lapse rates were usually near the
adigbatic with inverted and superadiabatic lapse rates probable In some
instances.

METHODS OF EVALUATION AND RESULTS

Eveluation of the relation between measurements of the turbulence
encountered by the airplane and the product combination of insolstion
and average wind shear requires the determinstion of values for the
terms 1n the relatlon:

u «rv/h
where
u measure of dbserved turbulence
r total solar radiation recelved on a unit horizontel surface, gram

calories per square centimeter per dey
h depth of the frictlon layer, feet

v ebsolute magnitude of the vectorial difference between the
anemometer and gradient wind velocitles, feet per second
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Meteorological Variables

The total dally solar radiation received on a unit horizontal sur-
face was obtained directly from data published in the Monthly Weather
Review. The average wind shear in the friction layer was determined
for each flight by teking the upper limit of the friction layer as the
first reported altitude at which the rawinsonde ascent indicated a
discontinuity in the vertical lepse rate of temperature. The wind
direction and velocity indicated by the rawinsonde reports for this
altitude and that indicated by the anemometer records for the surface
altitude were used to obtain the average wind shear at 10.00 a. m.
Eastern Stendard Time and at 4:00 p. m. Eastern Standard Time. The aver-
age wind shear in the friction layer for the period of each flight was
then obtained on the basis of an assumed linear variation with respect
to time. The values obtained for the totel daily solar radiation r
and the average wind shear v/h as well as the quantity rv/h are
shown in table I for each.flight.

The Measure of Observed Turbulence

The effective gust velocity, as defined in reference 5, was used
as the basic measure of the vertical gustiness encountered by the
alrplane in flight., Figure 1 is an 1llustration of a methed of presen-
tatlon frequently uséd to describe the history of vertlcal gustiness in
terms of thls measure of turbulence. ZEach point in the figure was
obtained by dividing the totael miles of flight by the total number.of
gusts equal to or greater than given values of effective gust velocity.
A line faired through these polnts provides s measure of turbulence by
describing the gust history in terms of the average number of miles
required to equal or exceed given velues of effectlve gust velocity.

The gust history for each flight of the investigatlion was obtained
by deriving the average flight miles required to equal or exceed given
values of effective gust velocity. Inasmuch as the results cobtained
for individusl flights indicate variatlions in both the slope and inter-
cept of the faired lines, as illustrated in figure 1, two convenient
points along the line were thought to be necessary to define adequately
the intensity of turbulence encountered by the airplane. The effective
gust velocitles Indicated by the failred lines for aversge dlstances of
1 and 10 miles were arbitrarily chosen to describe the gust history of
each flight of the investigation. The effective gust velocity obtalned
for each flight for gliven distances of 1 mile Uel and that indicated

for 10 miles UelO are shown in table I.
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Statistical Results

The relation between the meteorologicsl quantlty and the cbsgerved
measure of turbulence was exsmined in accordance with standerd statis-
tical methods of correlation analysis as described in reference 6. The
coefficients of correlation and other statistics pertinent to the inves-
tigation are given in the following table:

Coefficient of correlation between rv/h and Ugqy ¢ ¢ ¢ ¢ o o & 0.88
Standard error of estimate of Ugy - « « v o o & o ¢ . . . ... 0.k2
Standerd deviation of Ug; - « « « « ¢ ¢ v o v 0 o0 0. 0.88
Coefficient of correlation between rv/h and’ Ueyg =+ + « «++ 0.8k
Standard error of estimate of Uejg » * = =t o s oot o oo 0.80
Standsrd deviation of Ugyg « « « o ¢ « o o o o o o s o o+ . . 1.48

Regression lines of the cbserved measure of turbulence on the
metecrologicael quantity ere shown in figure 2 for Uél and Uélo as &

function of the product rv/h. Also shown in figure 2 are lines indi-
cating the limits for one standard error of estimate about the regres-
gion lines. Approximately two thirds of the observations may be
expected to fall between these limits.

DISCUSSION

Consideration of the results presented in the prevlious section indi-
cates that the coefficlents of correlation between the quantity rv/h
and the measures of observed turbulence are 0.88 and 0.84 for Uél and

UélO’ respectively. For samples of this size, the probability of

obtaining correlation coefficients of these magnitudes beiween unrelated
variables is of the order of 10~2. The indicated relation between these
varlgbles, therefore, sappears to be significant.

The effectiveness of the present relation for estimating turbulence
intensities camnot be evaluated conclusively from the present data. Some
measure of effectiveness msy be obtalned, however, from a comparison of
the standard error of estimate about the regression lines with the
standard deviatlon of the observed values of Ue. The standard errors

of estimate of Uél and Uélo for the avalleble-deta sample are roughly

one half of their respective standard deviations. The sverage error
resulting from utilizetion of the relation to estimate turbulence inten-
sities 1s therefore gbout one half that which would be expected if the
average intensity of the turbulence were known and used as a basis of
estimation.
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The product form of relstion was first suggested by a plot similar
" to figure 3 where the observed measure of turbulence Uel has been

plotted as a function of the average wind shear v/h. When the observa-
tions are separated into periods corresponding roughly to late spring,
fall, and winter, as shown in the flgure, the observed turbulence for a
given season varies directly with the intensity of wind shear as indicated
by the failred lines. TFor short periods when the day-to-day veriations

of solar heating are small, the wind shear provides a measure of the turbu-
lence intensity. The figure further Indicates that, for given values of
wind shear, the intensity of observed turbulence is greatest for warmer
segsons and least for cooler seasons. This variation corresponds to the
seasonal varilations of solar heating.

The totel dally solar radistion received on s unit horizontal
surface weg combined in the product form of relation to account for
both the seasonal and large day-to-dsy varistions in the intensity of
gsoler hesting. The high coefficlents of correlation obtained between
the product form of relation and the observed measures of turbulence,
Uél and UelO’ were obtained from deta covering a relatively wide

seasonal range of solar heatling. The relation between the observed
measure of turbulence and the product of total dailly solar radiation
with aversge wind shear in the friction layer would therefore appear to
sccount for the sessonal and large day-to-day veriations of turbulence
during a two- or three-~hour period beglinning at noon local standard time.
It should not, however, be expected to account for diurnal variations of
turbulence.

The relation, u « rv/h, is of simple form and does not permit
discrimination between variations in gust experience repulting from
changes in flight seltitude. Although the form of relation might be
generally applicsble to flights at other altitudes withln the friction
layer, the paerticular relstions obtalined 1n the form of the regression
lines (fig. 2) are probsbly limited to flight altitudes and to topo-
graphicel characteristlics similar to those of the present investigation.

Variations of the gradient level and the height of the earth's
surface wlth respect to the flight sltitude might also be expected to
cause variations in the observed gust experlience. The gust data were
therefore examined for differences in the gust experience over two
portions of the course having approximately a 300-foot difference in
surface elevation. The gust data were also examined for differences
in gust experience assoclated with friction-layer depths. The data
were separsted into two groups based on friction-layer depths, the -
first for friction-layer depths less than 3000 feet, the second for
friction-layer depths greater than 3000 feet. No significant differ-
ences 1ln gust experience were distinguishsble in elther case. The
variations of friction-lsyer depth and terrailn features for the test
data apparently had little effect on the observed gust experience.
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CONCLUDING REMARKS

The gquantity formed by the product combinstion of total delily
solar radlation received on a unit horizontal surface with the average
wind shear in the friction lsyer i1s shown to be related to the intensity
of turbulence observed at low altitudes. Coefficients of correlation
between this quantity and the effective gust velocities which were
equalled or exceeded on the average of once in distances of 1 and
10 miles were 0.88 and 0.84, respectively. The relation between the
quantity and turbulence intensity apparently accounts for seasonal
variations. Because of the simplicity of form, however, the relstion
does not discriminate between differences in turbulence Intensity
resulting from varigtiorns of flight altitude or diurnal wvaristions of
turbulence. The significance of the relation when gpplied to regions
having different surface roughness characteristics or when extended
to other values of gust intensity has not been established and the
lines of regression are limited to estimation of turbulence intensitles
for conditions similar to the test condltions.

Langley Aeronzutical Leboratory
National Advisory Committee for Aeronsautlcs
Langley Field, Va.
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' TARLE T
SUMMARY OF QUST AND METROROLOGICAL DATA
Gust veloclty Meteorological data
Date Tine U, U o
(EST) e €10 r v EL_al)(L)
(£t/sec) (£t/zec) (g-cal/cm2 day) (1/sec) nSday/ \o@

Sept. 13, 1948 1:19 p. m. 6.8 10.7 275 6.52 x 103 1.79
Sept. 13, 1948 3:28 p. m. L.g, 7. 275 4,98 1,38
Sept. 1k, 1948 | 12:40 p. m. 7.3 11.8 h99 7.33 3.66
Sept. 27, 1948 1:48 p. m. 5.5 8.5 336 6.0k 2,02
Sept. 30, 1948 1:46 p. m, h,3/ 7.1 276 3.08 0.85
Oct., 9, 1948 | 12:40 p. m. 6.1 9.6 56 6.96 3,15
Oct. 13, 1948 1:07 p. m. 7.0 1.1 L 7.62 3.37
Oct, 13, 1948 3:12 p. m. 5.6 8.9 Lk 5.13 2.23
Oct. 18, 1948 1:49 p. m. 6.8 10,9 kho 7.0k 3.1
Nov. 17, 1948 | 12:06 p. m, 5.3 7.9 32k 5.83 1.89
Fov. 17, 1948 2:47 p. m, b4 7.1 32k 3,81 - 1.23
Nov. 20, 1948 | 11:35 a. m. 6.3 9.k 301, 11.00 3.30
Nov. 2k, 1648 | 11:29 a, m. by 6.7 146 3.k4o 0.50
Nov. 30, 1948 | 10:17 a. m. 5.0 7.5 266 5.21 1.4
Dec. 6, 1948 2:21 p. m. 5.2 7.3 278 7.55 2,10
Mey 3, 1949 2:15 p. m. 5.3 8.2 695 2,6k 1.83
May L, 1949 2:45 p. m. 5.1 7.5 £94 2.57 177
May 5, 1949 2:42 p. m, 5.8 9.0 658 2.93 1,92
May 6, 19%9 1:35 p, m, 6.2 9.8 646 3.45 2,22
Mey 6, 1949 3:15 p. m, 6.0 9.1 646 2.93 1.89
May 12, 1949 2:27 p. m. 6.5 10.5 691, 3.66 2.54h
Mey 16, 1949 3:41 p, m. 5.4 8.0 458 2,82 1.29
Mey 19, 1949 | 11:30 &, m. 7.1 10.7 676 L. 62 3.1

@
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Figure l.- Average miles of flight necessary to exceed glven values of
effective gust velocity In low-altitude clear-alr turbulence.
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Flgure 2.- Variation of turbulence intensity with insoletion and

wind shear.
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Figure 3.~ Variation of turbulence intensity with aversge wind shear.
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